The structure and bonding in ionized water clusters, (H 2 O) + n (n = 3 9), has been studied using the basin hopping search algorithm in combination with quantum chemical calculations.
Introduction
Characterizing the structure and properties of water clusters has been the subject of an extensive research effort for many years. Through such studies it is possible to explore the nature and evolution of the hydrogen bonding network as the number of water molecules is increased, in an effort to understand the complex hydrogen bonding network that exists in liquid water. [1] [2] [3] [4] [5] [6] [7] [8] [9] The structure of water clusters after exposure to ionizing radiation is also important in a number of fields spanning chemistry, biology and physics, for example in the neutron irradiation of cooling water in a nuclear atomic plant, the damage of living cells by radiation and in the photoreaction of water in the atmosphere. 2, [10] [11] [12] Furthermore, the OH radicals that can be produced on ionization have been associated with cell death. 13 Several groups have studied ground state cationic water clusters (H 2 O) + n in experiment. [14] [15] [16] [17] Studying these clusters in experiment is challenging since the unprotonated cluster ions are formed in a highly excited vibrational state. 18, 19 This leads to fragmentation of the water clusters on an ultrafast time scale to give rise to protonated species. 20 However, several studies have measured unprotonated cationic water clusters, [14] [15] [16] [17] and recently the infrared spectroscopy of size selected unprotonated cationic water clusters was reported. 16 In these clusters, there is the possibility of several distinct structural motifs, which are illustrated in Figure 1 . 11, 17 The first possibility a has a hydrazine-like core (H 2 O-OH 2 ) with a hemibond between the two oxygen atoms. The nature of singly charged hemibonded systems has been studied by Gill and Radom, where a three electron hemibonded system is described as one in which a bonding s molecular orbital between two atoms in a molecule is doubly occupied while the complementary antibonding s ⇤ orbital is singly occupied. 21 These orbitals are shown for the (H 2 O) Figure 2 . Evidence of the hemibonding is demonstrated by the spin density (shown in Figure 1 ), which for a is distributed equally on the two oxygen atoms of the hydrazine-like core. In the remaining structures, proton transfer has occurred to give a H 3 O + ion and OH radical. In b the ion and the radical are hydrogen bonded to each other to give an ion-radical pair, while in c there is a central core of H 3 O + with the OH radical is not directly hydrogen bonded to H 3 O + . For these structures, the spin density is localized on the OH radical. For larger clusters there is a further possibility labelled d. This structure involves the formation of a H 3 O + ion and OH radical but the OH radical forms a hemibond with a further water molecule. In the literature, there is not a clear consensus over the most favored structural motif with studies predicting both hydrazine-like 22 and radical-ion pair type structures. 11, 17 Recently, Mizuse et al. have studied cationic water clusters using infrared (IR) spectroscopy in combination with theoretical calculations and found that the H 3 O + -OH ion-radical pair dominates, with motif c favored for n 5. 16 Several theoretical studies have addressed the energetic and structural properties of cationic water clusters. 18, 19, 21, [23] [24] [25] [26] [27] [28] However, in a similar manner to experimental work on these clusters, there has also been some disagreement between theoretical studies. Early work using density functional theory (DFT) predicted that structures containing the hydrazine-like core were favored relative to the dissociated (or proton-transfer) structures. 18, 19 Later studies using wavefunction based approaches, such as coupled cluster theory and Møller-Plesset peturbation theory, have shown that for the water dimer cation the H 3 O + -OH ion-radical pair has the lowest energy. 23, 27, 28 This is illustrated clearly by a recent study on the water trimer cation, where it was also shown that DFT with carefully chosen exchange-correlation functionals could predict the relative energies of the different isomers correctly. 24 To determine low energy structures for the cationic water clusters, (H 2 O) + n (n = 3 9) requires an extensive search of possible configurations combined with an accurate method for determining the relative energies of the clusters. The basin hopping (BH) 29 algorithm is a combination of the Metropolis Monte Carlo (MC) sampling technique and a gradient-based local search method, which has the effect of sampling the energy basins instead of sampling configuration space. The BH approach in conjunction with different potential functions has been used successfully to determine the minimum energy structures of the related system of protonated water clusters. 30, 31 In this work, the structure of candidate low energy structures was determined with DFT in conjunction with our recent implementation 9 of the BH algorithm within the Q-Chem software package. 32 Subsequently, the structures were refined using second order Møller-Plesset perturbation theory (MP2) and relative energies determined in coupled cluster theory calculations.
Computational Details
For each cluster, ten separate BH searches, consisting of 1000 MC steps at 300K starting from different randomly generated configurations of molecules were performed. At each MC step, all molecules are translated and rotated twice. The nature of the transformed surface allows for relatively large step sizes, and the maximum displacement in the translation move is set to 2.5 Å and the maximum rotation set to p/2. The atoms are prevented from getting closer than 1.5 Å to avoid overlapping which can lead to the self-consistent field (SCF) calculation failing to converge. Thus, any move that brings at least one atom pair within 1.5 Å is discarded, and when a molecule leaves the box, it is placed back in the opposite side of the box. If the MC moves are rejected ten times, a jumping procedure 33 consisting of seven random walks in the configurational space will take place allowing the system to escape from the local minimum.
The energies and gradients were computed using the B3LYP exchange-correlation functional 34, 35 in conjunction with 6-31+G ⇤ basis set within an unrestricted Kohn-Sham formalism. For cationic water clusters, we find that incorporating dispersion (via the empirical dispersion correction of Grimme 36 ) does not change the nature of the low lying isomers except that the hydrazine-like core isomers are stabilized more relative to the radical-ion isomers. To speed up the calculations, the integration grid is reduced from the default SG1 grid to a 25 point Euler-Maclaurin radial grid and 50 point Lebedev angular grid, and for the convergence in the geometry optimisation, the energy convergence criteria is loosened to 10 5 a.u., the root mean squared gradient to fall below 2 ⇥ 10 3 a.u. and the convergence criterion for displacement is set to 2 ⇥ 10 3 a.u. This provides a good balance between the quality of the evaluated energy and efficiency, particularly since this step is to produce candidate structures that are subject to further refinement of the structures and energies. Previous studies have shown that DFT calculations do not predict the relative stability of the hemibonded and ion-radical isomers correctly. 24 and the low energy candidate structures from the BH search were re-optimized at the MP2/6-311++G** level and the relative energies of the clusters determined from CCSD(T) calculations. The CCSD(T) calculations used the aug-ccpVTZ basis set was used for n  6 and aug-cc-pVDZ for the larger clusters and were performed using the MOLPRO software. 37 Harmonic vibrational frequencies were also computed to provide an estimate of the zero point energy and to allow a direct comparison with experimental data. To avoid computationally expensive frequency evaluations using MP2, the frequencies were evaluated with B3LYP with the empirical dispersion correction of Grimme 36 in conjunction with the 6-311++G** basis set. The standard values of s 6 = 1.05 and d = 20.0 for B3LYP were used. 36 Prior to the frequency calculations the structure of the clusters were re-optimized at this level of theory but this did not result in a structural change to give a cluster corresponding to a different local minimum. IR spectra were generated by representing the vibrational bands as gaussian functions with a full width at half maximum of 10 cm 1 and 30 cm 1 for bands above and below 3550 cm 1 , respectively, following scaling of the computed frequencies by 0.9679. 38 The band widths were chosen to provide a good representation of the reported experimental data. 16 Figures 3 and 4 show the structures and relative energies of the low energy isomers of the (H 2 O)
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clusters, with relative energies incorporating zero point energies shown in parenthesis. For n=3, the lowest energy structure has structural motif b with H 3 O + bonded to a water molecule and OH radical. There will clearly be some relationship between the structures of protonated clusters and cationic clusters, and this cluster can also be viewed as a OH radical bonded to a Zundel cation.
The lowest energy isomer with the hydrazine-like core is 39 kJ/mol higher in energy, and has a water molecule hydrogen bonded to both water molecules of the hydrazine-like core, consistent with 6 earlier work. 24 Inclusion of zero point energy leads to an increase in the relative stability of the ion-radical isomer by 12 kJ/mol. A further isomer with a water molecule hydrogen bonded to just one of the water molecules of the hydrazine-like core is found higher in energy. On optimisation with MP2 this structure reverts to the more stable hemibonded structure, and the structure shown corresponds to the DFT optimised structure. This is also observed for the hemibonded structures of some of the larger clusters. We note that the relative energies of these isomers predicted by the B3LYP calculations is different, with the lowest energy isomer predicted to have the hydrazine-like core. This is a consequence of the DFT calculations over estimating the stability of the oxygenoxygen hemibond. 24 Figure 5 shows the computed IR spectra for the two lowest energy isomers for frequencies > 3400 cm 1 . Also shown are spectra measured in experiment from the work of Mizuse et al. 16 The vibrational modes that occur in this region of the spectrum correspond to the O-H stretching modes of the water molecules. For an accurate simulation of experiment it is necessary to compute both accurate frequencies and the relative intensities of the bands. The DFT frequency calculations used here should provide qualitatively accurate relative intensities of the bands. In the spectrum for the ion-radical structure, the O-H stretch in the OH radical is also evident as a weak band at 3550 cm 1 . In the hemibonded isomer the O-H stretching modes of the hemibonded water molecules are shifted to lower frequency and lie between 3100 and 3400 cm 1 and are not shown. The experimental spectrum has a weak band at 3530 cm 1 , a strong band at 3624 cm 1 and a moderately intense band at 3710 cm 1 . The computed spectrum for the ion-radical isomer has bands at 3550 cm 1 , 3665 cm 1 and 3760 cm 1 with a similar pattern of intensities. This is more consistent with experiment than the spectrum for hemibonded isomer which has three bands but with the lowest frequency band being the most intense.
(H 2 O) + 4 has several relatively low energy ion-radical isomers. The lowest energy structure has two water molecules and the OH radical hydrogen bonded to H 3 O + in an approximately trigo-7 nal arrangement. This is similar to the lowest energy structure of the analogous protonated water cluster, which also has a trigonal arrangement with H 3 O + at the centre. 30 Two further isomers in which H 3 O + is hydrogen bonded to one water molecule and the OH radical that lie 8-10 kJ/mol higher in energy are also identified, and the lowest energy isomer with the hydrazine-like core is predicted to be significantly higher in energy. The computed IR spectrum for the lowest energy ion-radical isomer is in good agreement with the experimental spectrum, and provides a closer match to experiment than the next lowest energy isomer. In both spectra, the band arising from the OH stretch in the radical is evident and the importance of this band in indicating the presence of the ion-radical isomers has been identified in earlier work. 16 For (H 2 O) + 5 , there is the emergence of structural motif c with a separated ion-radical pair, which is found to have the lowest energy.
This structure can also be viewed as a OH radical bonded to an Eigen cation. Two isomers with the ion-radical pair (b) are predicted with relative energies of +4 kJ/mol and +9 kJ/mol. Again for this cluster, the lowest energy hydrazine-like isomer is over 40 kJ/mol higher in energy. The computed IR spectrum for the lowest ion-radical cluster provides an excellent match for the experimental spectrum.
The lowest energy isomer of (H 2 O) + 6 cluster has structural type c, with H 3 O + bonded to two water molecules. Two further low lying isomers with structural type c but with slightly different arrangements of the water molecules are also found. These isomers are predicted to be within 2 kJ/mol higher in energy. There are significant differences between the structures of the cationic and neutral clusters. For n=6, neutral clusters form cages, while the cationic clusters still favor structures with chains and rings of water molecules. The predicted IR spectrum for both of these isomers agree well with experiment and it is difficult to differentiate between them based upon the IR spectra. However, there is a small peak at 3580 cm 1 which is evident in experiment and the spectrum for the lowest energy isomer, but is absent in the spectrum for the higher energy isomer.
For the (H 2 O)
+ n=3 6 clusters, the findings in this study are consistent with the results of Mizuse et al. 16 8 Figure 4 shows structures and relative energies for the (H 2 O) + 7 9 clusters. For n=7 there is a significant change, with the the presence of cage-like structures predicted among the low energy isomers. Although, once zero point energies are accounted for the lowest energy isomer has an approximately trigonal planar structure with a separated ion-radical pair. While the computed energy difference is less that 1 kJ/mol, the computed IR spectra for the lowest energy ion-radical isomer is more consistent with the reported experimental spectrum, although the weak band observed just above 3600 cm 1 in the experiment is predicted to lie at a lower frequency. The relative energy of the lowest hemibonded structure remains high but the calculations to show that this energy difference decreases as the size of the clusters increase.
As the clusters become larger, identifying the lowest energy isomer becomes more challenging.
(H 2 O)
+ 8 is the smallest cluster that is predicted to have a cage-like lowest energy structure. The lowest energy structure is predicted to have structural type c, with a separated ion-radical pair. The computed IR spectrum for this cluster is very similar to the experimental spectrum indicating that the correct structure has been identified. There is more ambiguity regarding the precise nature of the lowest energy structure for (H 2 O) + 9 . The two lowest energy isomers are very close in energy. The lowest energy structure has an ion-radical pair, while the second lowest energy isomer has a separated ion-radical pair. The computed IR spectra of either of these isomers does not provide a good match with the experimental spectrum. Although a Boltzmann weighted spectrum, at a temperature of 180 K in line with experiment, 16 for the two lowest isomers is in better, although not perfect, agreement with experiment. Closer observation of the lowest isomer shows the possibility of hemibonding between the OH radical and the water molecule below it, as illustrated in Figure   4 . The predicted IR band at 3635 cm 1 corresponds to the stretching modes of this water molecule and OH radical and is shifted to lower wavenumber than the stretching modes of the remaining water molecules because of the hemibonding. The experimental spectrum has a band at 3650 cm 1 which could possibly correspond to this. Hemibonding between water and a OH radical has been considered previously, and calculations suggest that the major peak in the ultraviolet absorption spectrum of an OH radical in liquid water arises from OH hemibonded to water. 26, 39 The answer to whether hemibonding does exist between the OH radical and water molecule highlights the difficulty of modelling these systems. For the cluster considered here, the answer depends on the type of calculation. The B3LYP+D calculations predict the H 2 O-OH bond length to be 2.37 Å and there is significant spin density on the oxygen atom of the water molecule indicating the presence of hemibonding. However, at the MP2 level the H 2 O-OH bond length is significantly greater at 2.98 Å with only a small delocalisation of the spin density from the radical to the water molecule, suggesting that hemibonding is not important.
Conclusions
The lowest energy isomers for (H 2 O) + n (n = 3 9) have been determined in a hierarchical approach using a combination of the BH search algorithm with DFT, MP2 and CCSD(T). The computational cost of performing the BH with DFT is large and this cost could be reduced using cheaper, more empirical methods for the search. However, one of the advantages of using DFT is its wide applicability and does not require the development of potentials for each system that is studied. For n = 3 8, the computed IR spectra are consistent with experimental measurements providing evidence that the correct lowest energy isomers have been identified. The lowest energy structures are predicted to conform to the ion-radical structural forms b and c, and the lowest energy isomers based upon the (H 2 O-OH 2 ) hemibonded structure are predicted to significantly higher in energy.
For (H 2 O) + 9 there is more ambiguity regarding the precise nature of the lowest energy structure, with a Boltzmann weighted spectrum for the two lowest isomers required to give approximate agreement with experiment. This cluster also highlights the possibility of hemibonding occurring between the OH radical and water molecule. Using DFT, this type of hemibonding is predicted to be significant while at the MP2 level this bonding is less evident. σ" σ " 
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